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The present study discusses the design, development and characterization of electrospun
Tecoflex® EG 80A class of polyurethane nanofibers and the incorporation of multiwalled carbon
nanotubes (MWCNTs) to these materials. Scanning electron microscopy results confirmed the
presence of polymer nanofibers, which showed a decrease in fiber diameter at 0.5% wt. and 1%
wt. MWCNTs loadings, while transmission electron microscopy showed evidence of the
MWCNTs embedded within the polymer matrix. The fourier transform infrared spectroscopy and
Raman spectroscopy were used to elucidate the polymer-MWCNTs intermolecular interactions,
indicating that the C-N and N-H bonds in polyurethanes are responsible for the interactions with
MWCNTs. Furthermore, tensile testing indicated an increase in the Young’s modulus of the
nanofibers as the MWCNTs concentration was increased. Finally, NIH 3T3 fibroblasts were
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seeded on the obtained nanofibers, demonstrating cell biocompatibility and proliferation.
Therefore, the results indicate the successful formation of polyurethane nanofibers with enhanced
mechanical properties, and demonstrate their biocompatibility, suggesting their potential
application in biomedical areas.

Keywords
Nanofibers; Electrospinning; Nanotechnology; Tissue engineering; Fibroblasts; Multiwalled
Carbon Nanotubes

1. Introduction
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A simple experimental setup to produce polymeric fibers by using high voltages and the
process of named as electrospinning attracted much attention in the late 1990s, when a
variety of fibers were electrospun and their potential applications were foreseen [1]. A basic
electrospinning process consists of a polymer solution supplied through a nozzle while being
connected to a high voltage power supply, which causes the formation of a droplet cone,
known as the Taylor cone, at the nozzle tip. An electrically charged polymer jet forms at the
tip of this cone and is ejected initially in a straight path, but it undergoes an electrical
bending instability as it travels to a grounded collector. As a result of these events, the
solvent in the polymer solution evaporates to afford solidified micro- and nanofibers on the
grounded collector [1-2]. Potential applications of these fibers are vast, including filtration
devices, sensors, composites and tissue engineering applications [3-8].
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Polyurethane (PU) elastomers are a broad family of segmented block copolymers consisting
of hard crystalline segments dispersed between flexible amorphous segments. The hard
segments are made of aliphatic or aromatic diisocyanates, which promote intermolecular
hydrogen bonding and result in the glassy or crystalline phase that imparts toughness to the
material. In contrast, the soft segments usually consist of polyethers, polybutadienes or
polyesters, which are responsible for the formation of elastomeric domains that provide
flexibility and elastic recovery to the polymer. The chemical, mechanical and
biocompatibility properties of PUs prompted the study of these polymers for biomedical
applications since the 1960’s [9-10], resulting in current commercial products that include
cardiovascular devices, breast implant linings, catheters and others [11], while other
polyurethanes could potentially be used as biosensors, protective clothing and tissue
engineering applications [11-14].
Single walled and multiwalled carbon nanotubes (SWCNTs and MWCNTs, respectively)
are carbonaceous materials with strong conjugated C-C sp2 bonds that result in a hexagonal
network capable of distortions for relaxing stress [15-17]. These carbon allotropes present a
Young’s modulus of approximately 1 TPa and tensile strength from 13-53 GPa for
SWCNTs, and a Young’s modulus of 0.9 TPa and tensile strength up to 150 GPa for
MWCNTs [16-19]. The result of these chemical and physical properties is high strength,
flexibility and stiffness, so these materials are attractive as polymer additives for enhancing
the mechanical properties of polymer matrices.
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Tissue engineering was defined as the confluence of clinical medicine, engineering and
science in a 2003 by National Science Foundation (NSF), report [20]. Therefore, to promote
the development of this promising multidisciplinary field, it is required to develop new
polymers and assess the available ones for scaffolds, according to their nature. As
aforementioned, the nanofibers obtained via electrospinning approach had also influenced
the tissue regeneration techniques. For instance, scaffolds made for improvement in ocular
surface bioengineering using poly-ζ-caprolactone nanofibers [21], co-electrospinning of
poly(l-lactide) and polydimethylsiloxane to regulate smooth muscle growth [22], orientation
of smooth muscle cells towards aligned polyurethane/collagen nanofibers [23] various uses
of carbon fibers in improvement of mechanical properties and retaining biocompatibility had
been well documented [24] and 3 D porous nanofiber membranes using poly-ζcaprolactone-MWCNTs for scaffold application [25]. However, all these reports suggest the
initial potential applications, which are not well directed towards the polymer interaction
with nano-size filler, mechanical properties and biocompatibility assays, for use of
nanofibers in creating artificial tendon and ligaments. Hence, this paper reports the
successful electrospinning of a medical grade segmented polyurethane (Tecoflex® EG-80A)
to obtain polymer nanofibers. Furthermore, incorporation of MWCNTs to the electrospun
nanofibers with the objective of enhancing their mechanical properties was achieved,
followed by extensive characterization through imaging (SEM and TEM), spectroscopic
(FTIR and Raman) and tensile testing. In addition, assessment of the nanofibers
biocompatibility was evaluated using NIH 3T3 fibroblasts, indicating that the materials
prepared are potentially suitable in tissue engineering applications.

2. Materials and methods
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Tecoflex® EG-80A was kindly supplied by Lubrizol Advanced Materials. Tetrahydrofuran
(THF, 99+%) and N,N-dimethylformamide (DMF, 99.8%) were purchased from SigmaAldrich and used without further purification. MWCNTs (Baytubes® C 150 HP outer
diameter of ~ 13 nm, inner diameter of ~ 4 nm and length of >1 μm) were kindly supplied by
Bayer Materials. Mouse embryonic NIH 3T3 fibroblasts were purchased from ATCC
(Manassas, VA). Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
newborn calf serum (NBCS), 7.5% sodium bicarbonate, and 1% antibiotic-antimycotic 100×
(10000 units/mL of penicillin, 10000 μg/mL of streptomycin, and 25 μg/mL of amphotericin
B) were obtained from Invitrogen. 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (MTT reagent) and Dymethyl sulfoxide (DMSO, ≥99.9%) were acquired from
Sigma-Aldrich, 0.4% Trypan blue and 0.25% Trypsin-EDTA for cell harvest from
Invitrogen. Glycine was purchased from BioRad Laboratories to form glycine buffer, which
was prepared by taking 0.1M glycine containing 0.1M NaCl, followed by equilibration with
0.1N NaOH to pH = 10.5. Treated tissue culture flasks and microplates for cell growth and
seeding were purchased from Fisher Scientific.
2.1. Preparation of polymeric solutions and polymer-MWCNTs dispersions
A 10% wt. Tecoflex® EG-80A solution was prepared by dissolving the polymer in a mixture
of THF : DMF (1:1). The polymer-MWCNTs dispersions were prepared by placing the
MWCNTs in DMF at 0.1, 0.5 and 1% wt. with respect to the polymer, and sonicated using a
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500 watt ultrasonic processor (Sonics Vibra-cell model VCX 500) operating at 20 kHz with
amplitude of 20% for all the samples using a standard probe. The dispersions were sonicated
for 1h in an ice bath to avoid excessive heat generated during the process, affording a blackink like appearance that did not show precipitates for two months. These dispersions were
prepared and immediately added to a previously dissolved Tecoflex® EG-80A solution in
THF, resulting in a 10% wt. polymer with 0.1%, 0.5% and 1.0% wt. MWCNTs.
2.2. Electrospinning process
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The polymer solutions and the polymer-MWCNTs dispersions were placed in a 10 mL glass
syringe with a 22 needle gauge (0.7mm OD × 0.4mm ID) at a flow rate of 0.02 mL/min,
which was controlled using a KDS 210 pump (KD Scientific Holliston, Inc., MA). High
power voltage supplies (ES30P-5W and ES30N-5W for positive and negative voltages,
respectively) were purchased from Gamma High Voltage Research (Ormond Beach, FL).
The positive electrode was used to apply a voltage of +15 kV to the needle tip through an
alligator clip, while the negative electrode was set to an applied voltage of −15 kV to the
collector. The polymer solution and the polymer-MWCNTs dispersions were electrospun at
a 15 cm distance between the needle tip and the rounded rotating collector. The electrospun
nanofibers were dried under vacuum for 24h in the presence of P2O5 to remove any possible
traces of residual moisture and solvents.
2.3. Cell seeding
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NIH 3T3 fibroblasts from ATCC were obtained in a frozen ampoule and allowed to
propagate in a 25 cm2 culture treated flask. After reaching 70-80% confluence, the cells
were inoculated and sub-cultured. The fibroblasts were maintained with DMEM
supplemented with 10% newborn calf serum (NBCS), 7.5% sodium bicarbonate, and 1%
antibiotic-antimycotic 100× (10000 units/mL of penicillin, 10000 μg/mL of streptomycin,
and 25 μg/mL of amphotericin B). The flask containing the cells was kept in a humidified
incubator with 5% CO2 environment at 37°C and the culture media was renewed twice a
week. After 80% confluence, the cells were harvested with 0.25% Trypsin-EDTA,
resuspended with DMEM and used to perform compatibilty assays. Cell seeding was
performed by using a 25,000 cells/mL solution, using a Countess® automated cell counter to
ensure cell density. A 160 μL aliquot of the 25,000 cells/mL solution was added into 96-well
microplates and allowed to proliferate for 24h in 5% CO2 environment at 37°C. Meanwhile,
nanofibers were cut with 6 mm skin biopsy punches (Acuderm, Inc.) and sterilized for 12h
under UV irradiation [26]. After the 24h incubation period, the existing media was removed
and 80 μL of fresh DMEM supplemented as described before was added to the wells,
followed by the placement of the already sterilized polymers inside the individual wells;
these assays were performed in triplicate. 80 μL of DMEM supplemented as described
before were added to complete a 160 μL final volume of fresh media, both for experimental
and blank wells. Finally, the cell culture microplates containing NIH 3T3 fibroblasts and
nanofibers were incubated and allowed to proliferate 1, 3, and 7 days. Exhausted media was
replenished at the 3 day mark.
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After the designated culture periods, the media was completely removed from the wells
containing pristine nanofibers, PU-MWCNTs and blanks, and replaced with 160 μL of
DMEM supplemented as described before without phenol red. A 5 mg/mL solution of MTT
reagent in phosphate buffer saline (PBS) was prepared, from which a 40 μL aliquot was
added to the wells in the microplates and incubated for 4 hours. During the incubation
period, metabolically active cells’ enzymes reacted with the MTT solution to produce a
purple coloration. Subsequently, the microplates were centrifuged at 1097.6 g for ten
minutes, and the existing DMEM without phenol red and MTT solution were removed and
replaced with 160 μL of DMSO and 20 μL of glycine buffer. The microplates were placed
on a shaker for 5 minutes to allow the solutions to mix, and all nanofibers were carefully
removed from each well to prevent interference. Spectrophotometric readings were obtained
using a microplate reader at 595nm (Bio-rad model 680).
2.5. Statistical analysis
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Statistical analysis was performed using SPSS version 19. For fiber diameter, breaking
stress, breaking strain, Young’s modulus, maximum peak load and energy at maximum load
analysis, a one-way ANOVA with Fisher’s LSD post-hoc test was used to evaluate
differences between groups. For NIH 3T3 fibroblasts proliferation using the MTT assay, a
two-way ANOVA with Fisher’s LSD post priori test was used. Results are reported as mean
± standard deviation and a p value ≤ 0.05 was considered statistically significant.
2.6. Scanning Electron Microscopy
Scanning electron microscopy (SEM) using an EVO® LS10 (Carl Zeiss Microscopy) was
utilized to investigate the electrospun nanofibers morphology (10 individual diameters were
measured per sample to calculate the average fiber diameter). The samples were coated with
a thin layer of silver-palladium for 180 sec at 45mA with a Desk II Denton Vacuum Cold
Sputter. After coating, the micrographs were taken at an accelerating voltage of 10.75 kV.
2.7. Transmission Electron Microscopy

NIH-PA Author Manuscript

Transmission electron microscopy (TEM) of MWCNTs and nanofibers containing
MWCNTS was performed using a JEOL JEM 2010 operating at 200 kV (JEOL Ltd.). The
samples for TEM of MWCNTs were prepared by sonicating (as described in section 2.2.1) a
1 mg/mL aqueous dispersion of MWCNTs, followed by placing a drop of the solution on a
TEM copper grid, which was allowed to dry overnight under vacuum. To prepare the
samples of PU and PU/MWCNTs, embedded with or without the electrospun nanofibers was
investigated by placing a TEM grid close to the tip of the syringe needle for a few seconds
during the electrospinning process, followed by vacuum drying and TEM analysis.
2.8. Fourier Transform Infrared Spectroscopy and Raman Spectroscopy
The polymer structure and its interactions with the MWCNTs were investigated through
Fourier Transform Infrared spectroscopy (FTIR). The spectra were recorded by grinding
fiber samples with KBr to form pellets, which were analyzed using a Bruker
spectrophotometer (IFS 55) from 4000-700 cm−1 with a 4 cm−1 resolution and 32 scans.
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Raman spectra for the pure MWCNTs and the nanofibers were obtained on a Bruker Optics
Raman Spectrometer (BX51) at 785 nm laser excitation. The laser power density was kept
as 10 mW with 50 integrations, 2 co-additions and 25×100 nm of aperture. Spectra were
collected at various locations using a microscope with 50× magnification on each sample.
2.9. Tensile testing
The mechanical behavior of the nanofiber mats was investigated using an INSTRON®
tensile tester 5943 with a 25 N maximum load cell under a crosshead speed of 10 mm/min.
The samples utilized for mechanical characterization were cut from nonwoven mats in the
form of a “dog-bone” shape using a die that afforded samples with 2.75 mm wide at their
narrowest point and a gauge length of 7.5 mm. At least five specimens were tested for
tensile behavior and the average values reported.
2.10. Cell imaging
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Chemical fixation of cells on the nanofibers surfaces was carried out after 3 days of
incubation. The procedure involved nanofiber samples being rinsed twice with phosphate
buffer saline (PBS) followed by fixation with a 2.5% vol. glutaraldehyde solution for 1h.
After cell fixation, the samples were rinsed with distilled water and then dehydrated with
graded concentrations of ethanol (20%, 30%, 50%, 70% and 100% vol. ethanol) for 10 min
each [27]. Finally, the samples were kept overnight in a vacuum oven and observed in SEM
to determine cell attachment. The samples for SEM were coated and observed under the
same conditions as described previously.

3. Results and discussion
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Scanning Electron Microscopy (SEM) was performed to confirm the formation of
nanofibers (Figure 1), which showed defect-free, bead-free morphologies. Figures 1a and 1e
present the electrospun PU fibers. The average fiber diameter for the PU nanofibers was
1000±300 nm. Moreover, Figures 1b and 1f shows micrographs for PU-MWCNTs 0.1% wt.
with an average fiber diameter of 1000±400 nm, while Figures 1c and 1g are micrographs
for PU-MWCNTs 0.5% wt. with an average fiber diameter of 700±300 nm, and Figures 1d
and 1h present PU-MWCNTs 1% wt. resulting in an average fiber diameter of 600±300 nm.
Statistical analysis confirmed that the addition of 0.5% wt. and 1% wt. MWCNTs promoted
a significant decrease (p < 0.05) in fiber diameter, but no difference in fiber diameter was
observed between these groups (Figure 2). Our research group has reported a similar
decrease on nanofiber diameter upon addition of MWCNTs to electrospun polystyrene [28].
It is known that addition of MWCNTs decreases the resistivity of polymeric systems, which
in turn promotes higher conductivity and higher charge density of the jet during
electrospinning [29-30]. These effects result in the elongation of the fiber while it is being
formed, promoting a decrease in fiber diameter, which is similar to reports where salts have
been used as additives to reduce nanofiber diameter [31-32].
Transmission Electron Microscopy (TEM) was used to image the pristine MWCNTs
(Figures 3a and 3b), wherein their nanometer sized diameter and multiwalled structure is
confirmed. Figure 5 shows the PU-MWCNTs 1.0% wt. fibers, thus demonstrating the
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presence of the MWCNTs embedded within the polymer matrix. It is important to mention
that it was not possible to image the electrospun fibers with lower concentrations of
MWCNTs. The arrows marked in Figures 4a and 4b evidence the presence of individual
MWCNTs, confirming that the dispersion process was appropriate. Furthermore, these
figures present the preferential alignment of MWCNTs along the fiber direction, but some of
these MWCNTs tend to protrude from the fibers (Figure 4c).
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Figure 5 shows the FTIR spectra for pure electrospun PU fibers and the corresponding fibers
containing MWCNTs. Tecoflex® EG-80A is an aliphatic polyether-based thermoplastic
polyurethane with peak assignments at 3500-3300 cm−1 for the free and bonded
(respectively) hydrogen from the urethane bond (N-H) to the C=O. The peaks at 2942 cm−1
and 2858 cm−1 are attributed to aliphatic symmetric and antisymmetric CH2 stretching.
Furthermore, the peak at 1720 cm−1 is for the C=O stretching from the amide I band, while
the amide II band appears at 1530 cm−1 for N-H bending and C-N stretching, and the band
at 1371 cm−1 corresponds to the CH2 wagging. The C-N stretching at 1229 cm−1 is also
known as the amide III band, while the aliphatic asymmetric C-O-C stretching is present at
1111 cm−1 [33-35]. The intermolecular interactions between the polymer and the MWCNTs
were investigated by FTIR analysis, which showed minor changes in the spectra of the pure
polymer nanofiber upon addition of MWCNTs. One of these subtle modifications was
observed at the 3500-3300 cm−1 region, indicating that the π electrons present in MWCNTs
interact with the hydrogen (free and bonded) attached to the nitrogen in the urethane bond,
thus changing the shape of the band. The other change in the spectra was detected in the CN stretching at 1229 cm−1, with an increase in the wavenumber of the band to 1232 cm−1,
suggesting a non-specific non-covalent interaction between the σ bond in C-N and the π
electrons from MWCNTs. Moreover, the vibrations caused in pristine MWCNTs indicate
characteristic peaks at 1119, 1228 and 1437 cm−1 which is attributed due to the C=O groups
in carbon nanotubes, used in this study.
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Raman spectra of the PU fibers, MWCNTs and the electrospun fibers containing MWCNTs
are presented in Figure 6. The peaks in the PU fibers spectrum situated at 2913 cm−1, 2856
cm−1 and 2794 cm−1correspond to the aliphatic CH stretching, while the peaks at 1485
cm-2 1 and 1436 cm−1 are due to the aliphatic CH2 bending. The 1296 cm−1 and its shoulder
at 1256 cm−1 peaks are attributed to the C-O and C-N stretching, CNH bending and the
amide III. The aliphatic asymmetric C-O-C stretching from the ether groups appear at 1114
cm−1 and 1033 cm−1, and the peak at 834 cm−1 is assigned to the stretching, wagging and
twisting of the C-C and CH2 in the polyether region of the polymer backbone [36-37]. The
Raman spectrum of pristine MWCNTs shows the two vibrational modes expected, the
tangential G-band at 1598 cm−1 and the D-band at 1308 cm−1[38]. The additional spectra for
PU-MWCNTs at different concentrations do not show the polymer peaks because these are
“masked” by the presence of the MWCNTs. Nevertheless, the MWCNTs D and G bands
broaden up and shift significantly to higher frequencies (up to 9 cm−1 for the D-band and 14
cm−1 for the G-band), with the notable exception of the D band at PU-MWCNTs 0.1% wt.
that showed a slight decrease. The shift to higher frequencies has been reported in the
literature, indicating that the MWCNTs have debundled and polymer molecules are coating
the surface of these materials and exerting pressure, thus the MWCNTs require more energy
to vibrate and consequently higher wavenumbers [36]. Hence, Raman spectroscopy
Appl Surf Sci. Author manuscript; available in PMC 2015 December 01.
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confirms the effectiveness of the dispersion process in debundling the MWCNTs, as
observed in the TEM micrographs. Furthermore, Raman confirms the intermolecular
interactions observed in FTIR between the polymer fiber and the MWCNTs.
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Figure 7 shows the breaking stress vs. breaking strain curves for the fibers investigated,
whereas Table 1 presents the data obtained from these curves. It is observed that the PU
electrospun fibers had the lowest Young’s modulus and the highest strain of all the materials
prepared. Table 1 demonstrates that the Young’s modulus for the fibers significantly
increased (p < 0.05) upon addition of MWCNTs regardless of the concentration. A similar
trend for tensile breaking stress, where it is observed and proven statistically that 0.5% wt.
and 1% wt. loadings increased (p < 0.05) this property, with a maximum in breaking stress
being reached at 0.5% wt. In contrast, fiber strain decreased with addition of the MWCNTs
(Table 1), evidencing that the nanotubes interact with the polymeric matrix, and because of
these additives stiffness, diminished elongations were achieved (p < 0.05). Results for
maximum peak load of the fibers are presented in (Table 1), which demonstrates that 0.1%
wt., 0.5% wt., and 1% wt. MWCNTs significantly increased (p < 0.05) the peak load.
Furthermore, this property reached a maximum at the highest MWCNTs concentration.
Table 1 shows data for the energy at maximum load, which analyzed by a one-way
ANOVA, revealed that 1% wt. MWCNTs was the only concentration to exert a significant
effect (p < 0.05) on the polymer fiber.
Figure 8 presents the cell viability for the blank and the different fibers prepared. The data
presented in this graph was analyzed utilizing a two-way ANOVA. The results of this study
indicate that there was a significant decrease (p < 0.05) in cell viability in the presence of
pristine polyurethane fibers at days 1 and 3. However, the fibers containing MWCNTs
showed the same cell viability as the control, with the notable exception that 0.5% wt.
MWCNTs increased it on these days (p < 0.05). The rationale to have less cell growth with
the nanofibers having (1% wt. MWCNTs, can be concluded from TEM results (i.e., Figure
4c) examination which indicates little protruding out of nanotubes from nanofibers. We
believe that this poking out of MWCNTs from the nanofibers can hinder the cell growth
when higher concentration of MWCNTs is used to modify nanofibers. In addition, there was
a significant increase (p < 0.05) in cell viability at day 7 for all PU-MWCNTs fibers,
demonstrating the biocompatibility of the electrospun materials.
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Furthermore, Figure 9 shows SEM micrographs demonstrating cell growth and attachment
to the fibers at 3 days of NIH 3T3 seeding. Moreover, the high magnification images
provide information about the cell growth pattern, which suggests that the fibroblasts grow
preferably along the fiber direction. Therefore, these results suggest the potential to use the
PU fibers and PU-MWCNTs fibers in tissue engineering applications.

4. Conclusion
Electrospinning of a medical grade, commercially available polyurethane (Tecoflex® EG
80A) and its corresponding composite fibers containing MWCNTs was successful. SEM
confirmed the formation of defect-free, bead-free fibers, which decreased in fiber diameter
when 0.5% wt. and 1% wt. MWCNTs were added. TEM micrographs showed the presence
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of the MWCNTs in the composite fibers, with preferred MWCNTs alignment along the fiber
direction. FTIR spectroscopy was utilized to investigate the intermolecular interactions
between the PU and the MWCNTs, which indicated that the π electrons from the MWCNTs
interact with the hydrogen attached to the nitrogen (N-H) and the σ bond in C-N in the
urethane bond. Raman spectroscopy corroborated the results obtained from FTIR, showing
that the MWCNTs were debundled and embedded within the PU fibers. Tensile testing
demonstrated that the PU fibers had low Young’s modulus and the highest tensile strain,
while addition of MWCNTs promoted higher Young’s modulus of the fibers at the expense
of strain. Finally, the PU and PU-MWCNTs showed biocompatibility and cell proliferation
on their surfaces along the fibers direction. Hence, the materials reported demonstrate
enhanced Young’s modulus and breaking stress and have been characterized extensively
through imaging and spectroscopy and shown to be biocompatible, suggesting that these
fibers could potentially be used in tissue engineering applications.
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Research Highlights
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➢

This work suggested the efficient and use of MWCNTs to impart high
mechanical properties to nanofibers and while maintaining the toxicity of the
materials.

➢

The mechanical properties of the nanofibers can be improved by introducing
2% of MWCNTs, above this point the mechanical property is reduced in
nanofibers fabricated from Tecoflex® EG 80A.

➢

The presence of MWCNTs in the nanofibers reflecting the successful
electrospining event can be ascertained by FT-IR, Raman and TEM.

➢

The nanofibers obtained while introducing MWCNTs represent no toxic
behavior to cultured fibroblast.
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Figure 1.

SEM images for nanofibers containing different amounts of MWCNTs (a) 0% wt., (b) 0.1%
wt., (c) 0.5% wt. and (d) 1% wt. at 1.5 K magnification. Corresponding figures containing
(e) 0% wt., (f) 0.1% wt., (g) 0.5% wt. and (h) 1% wt. at 15 K magnification.
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Figure 2.

Fiber diameter for PU nanofibers and PU-MWCNTs.

NIH-PA Author Manuscript
Appl Surf Sci. Author manuscript; available in PMC 2015 December 01.

Macossay et al.

Page 15

NIH-PA Author Manuscript
Figure 3.

TEM images for pristine MWCNTs (a) agglomerated in bundles, and (b) magnification of
the indicated area.
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Figure 4.

TEM micrographs of (a) and (b) MWCNTs oriented along the PU nanofiber; (c) MWCNT
protruding from the PU nanofiber.
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Figure 5.

FTIR spectra of MWCNTs, polymer nanofiber and corresponding nanofibers containing
MWCNTs.
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Figure 6.

Raman spectra of the polymer nanofiber, MWCNTs, and corresponding nanofibers
containing MWCNTs.
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Figure 7.

Breaking stress vs. breaking strain curves for PU and PU-MWCNTs nanofibers.
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Figure 8.

Results from the MTT assay for NIH 3T3 fibroblasts in the presence of PU and PUMWCNTs at 1, 3 and 7 days.
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Figure 9.

Analysis of cell attachment by SEM after 3 days of fibroblasts culture. Nanofibers
containing different amounts of MCNTs, (a) 0% wt., (b) 0.1% wt., (c) 0.5% wt. and (d) 1%
wt. at 1.5 K magnification. Corresponding figures containing, (e) 0% wt., (f) 0.1% wt., (g)
0.5% wt. and (h) 1% wt. at 5.5 K magnification. Arrows indicate the appearance of cell
patterns at specific location.
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Mechanical properties of nanofibers.
Nanofiber

Young’s
Modulus
(MPa)

Breaking
stress
(MPa)

Breaking
strain
(mm/mm)

Maximum
Peak Load
(N)

Energy at
Maximum Load
(N-mm)

PU nanofiber

4.9±1.2

26±5

9.0±0.1

1.6±0.1

46±2

PU-MWCNTs 0.1% wt

8.3±2.2

37±6

5.6±0.6

2.8±0.3

52±9

PU-MWCNTs 0.5% wt

11±40

56±24

6.3±0.3

2.3±0.2

50±4

PU-MWCNTs 1% wt

9.7±0.8

47±8

5.9±0.5

3.4±0.7

67±1
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